To meet the demands of a larger and more affluent global population, wheat yields must increase faster this century than last, with less irrigation, fertilizer, and land. Modelling and experiments consistently demonstrate a large potential for increasing wheat productivity by improving root systems; however, application of research to new varieties is slow because of the inherent difficulties associated with working underground. This review makes the case for the use of the model grass Brachypodium distachyon to simplify root research and accelerate the identification of genes underlying wheat root improvement. Brachypodium is a small temperate grass with many genomic, genetic, and experimental resources that make it a tractable model plant. Brachypodium and wheat have very similar root anatomies which are distinct from rice root anatomy that is specialized to help it overcome anaerobic conditions associated with submerged roots. As a dicotyledonous plant, Arabidopsis has an even more divergent root system that features a tap root system and cambia with secondary growth, both of which are lacking in the grasses. The major advantage of Brachypodium is its small stature that allows the adult grass root system to be readily phenotyped, unlike rice and maize. This will facilitate the identification of genes in adult roots that greatly influence yield by modulating water uptake during flowering and grain development. A summary of the advantages of Brachypodium for root studies is presented, including the adult root system architecture and root growth during grain development. Routes to translate discoveries from Brachypodium to wheat are also discussed.
Wheat is a major source of human calories, especially in the developing world (Fischer, 2009) . The current rate of yield increase in wheat is ;1% per year. To meet population growth and avoid price and poverty increases, yields need to increase ;50% more quickly, at 1.5% per year (Fischer and Edmeades, 2010) . Land for agriculture, irrigation water, man-made nitrogen fertilizer, and mined phosphorus fertilizer are also declining as the population increases. Further, wheat-growing regions increasingly have drought and heat events during grain development. These greatly reduce yield, but can be avoided with genotypes with adult root systems that access deep soil water during grain development instead of relying on rainfall (Wasson et al., 2012) . There is a clear need for wheat varieties with root systems that support higher yields, and use water, fertilizers, and land area more efficiently (Lynch, 2007) .
Wheat varieties are currently developed by selecting for yield in field trials, and incorporating cooking qualities and disease resistances by phenotypic or marker-based selection. Breeders are not yet selecting for wheat root system architectural or morphological features that influence the capture of water and nutrients with phenotypic screens or molecular markers (Richards et al., 2010) .
Here we describe the use of Brachypodium distachyon to accelerate the identification of root-related genes and markers, and explore routes to translate these discoveries to wheat breeding.
Brachypodium root developmental and architectural similarities to wheat
The root system of B. distachyon Bd21 has one primary axile root, two coleoptile node axile roots that emerge above the seed, and successive leaf node axile roots (Fig. 1) . The timing of the emergence of these roots relative to main stem leaf development is similar to that of wheat (see fig. 7 of Watt et al., 2009 for a diagram comparing wheat and Brachypodium root types). From the analysis of 60 accessions examined to date from , Brachypodium is similar to the warmer climate grasses rice and maize in that it produces only one primary root from the base of the embryo at germination (unpublished data). This is a distinction from wheat and the other small grain temperate cereals oats, barley, and triticale, which can produce up to six primary roots (Watt et al., 2008) . Brachypodium also does not appear to produce, under the conditions examined so far, scutellar node axile roots. These have been reported to emerge from within the seed in wheat, maize, and sorghum around the growth of the first leaf (Hochholdinger et al., 2004; Watt et al., 2008 Watt et al., , 2009 Singh et al., 2010) . Thus, Brachypodium has a simpler seedling root development when compared with wheat and these cereals in terms of number of axile roots. Leaf node axile root development in adult systems is, however, similar to that in wheat, making Brachypodium a good system for adult wheat root systems, as discussed below.
Brachypodium's vascular root anatomy is characteristic of grasses. Steles of roots have one to multiple large metaxylem vessels surrounded by smaller early metaxylem and protoxylem vessels for water movement (Fig. 1) . Phloem tissues lie between the xylem tissues. A detailed anatomical study of Brachypodium branch roots showed that it has all the branch root types found in wheat and maize, based on xylem vessel number and arrangement (Varney et al., 1991; Watt et al., 2008 Watt et al., , 2009 . Brachypodium, like wheat and maize, has branch roots of varying lengths. Rice, in contrast, has been classified as having two types of branch roots, long, 'L', and short, 'S', based on their length, diameter, and tendency to branch further (Tanaka et al., 1994) . Root hairs of Brachypodium emerge from epidermal cells in a similar pattern to those of wheat and barley, but distinct from those of rice (Kim and Dolan, 2011) .
Brachypodium, wheat, and maize produce aerenchyma in the cortex; however, it is much smaller and less structured than that between the hexagonal-sided, regularly packed cells observed in rice. In rice aerenchyma, differentiation is a recognized mechanism to allow oxygen to move freely along roots in anaerobic conditions (McDonald et al., 2002) . Brachypodium presents some deposits of hydrophobic compounds in cell walls, however they do not appear to be organized as an endodermal layer below the epidermis like in rice in which it forms the 'barrier to radial oxygen loss' (Colmer, 2003) . Wheat and maize also lack this barrier deposition.
Arabidopsis and other dicotyledon models including the legume Medicago have what is generally termed a 'tap' root system, with a single main primary root (Fig. 1) . This axile root produces successive orders of branch roots. An important distinction with the grasses is that dicotyledons have vascular and cortical cambia, meristematic cell layers thickening the root with new xylem and phloem tissues, and a periderm (Fig. 1) . Studies comparing the hydraulic properties of wheat and lupin suggest that grass and dicotyledon groups function differently in terms of water movement because of anatomical and protein (aquaporin) expression differences (Bramley et al., 2009 ). Brachypodium will be useful to compare against Arabidopsis and other dicotyledon models to test for molecular and functional similarities, and to determine to what extent monocotyledons and dicotyledons share aspects of root development for a common nomenclature (Zobel and Waisel, 2010) .
Brachypodium and working on adult root systems instead of seedlings
The small stature of Brachypodium relative to that of wheat, rice, maize, and sorghum allows characterization of adult root systems in pots that are of a manageable size in controlled conditions (e.g. 50 cm deep) (Figs 2, 3 ). This is arguably the most novel and important aspect of Brachypodium for wheat and cereal crop root genetics since water taken up by adult root systems can be twice as valuable to yield in the field as that taken up by younger roots (Kirkegaard et al., 2007) .
Many genomic regions and genes identified in rice or maize affecting root development have been discovered by high-throughput screening of seedling root growth (Hochholdinger and Feix, 1998; Hochholdinger et al., 2001 ; Woll et al., 2005) . Because of the size of these cereals and of their root systems, adult root systems can at best be analysed partially by measuring root length density in soil cores or on the surfaces of clear faces buried in the soil. Mature wheat root systems reach as deep as 1.6 m (Kirkegaard and Lilley, 2007) . The Brachypodium root system is less than one-third as deep as that of wheat at maturity, depending on soil conditions, and thus can be analysed much more easily (Watt et al., 2009; Fig. 3 ). This will enable the phenotypic analysis of adult root systems with as much resolution and detail as on seedling root systems, and greatly facilitate the identification of gene mutations and natural variation that affects adult root system architecture.
Two examples of phenotyping of Brachypodium adult root systems are presented here (Figs 3, 4) . The first involved growing Brachypodium in root boxes (0.25 m wide30.5 m tall30.02 m thick) with clear faces, allowing different roots to be traced and analysed as an image to show how each axile root contributes to the architecture of the root system in 2D through to flowering (Fig. 3) . Root growth is frequently studied in clear boxes, allowing the tracking of roots over time. In order to study wheat roots to flowering, large boxes and longer times are required. Hurd (1964) Fig. 3 can be 100 times smaller in volume compared with those used for wheat, and experiments can be three times shorter, greatly saving on resources and space for phenotyping.
In the second example, the root growth of the B. distachyon line Bd21-3 was analysed between onset of flowering and grain maturity (Fig. 4) . It was expected that root growth of adult systems would cease around flowering, as carbohydrate resources from photosynthesis declined with leaf senescence and were allocated to the grain. Previous studies have shown no difference in root dry weight of cereals such as wheat, rye, and triticale between flowering and maturity (Sheng and Hunt, 1991) . In maize, total fresh weight and total root length decreased after flowering (Mengel, 1974) . This was not observed in Brachypodium. The roots kept growing after onset of flowering and were almost twice as long at grain maturity and harvest (Fig. 4A, P¼0 .028). The distribution of the root length remained between primary and nodal roots (1/3 primary roots versus 2/3 leaf nodal roots), indicating no significant difference in the distribution (Fig. 4B,  P¼0 .696). Roots grew more slowly than shoots as the root to shoot ratio decreased by a factor of two ( Fig. 4C , P < 0.001). This reflected mainly grain development. This study illustrates that whole-plant partitioning before and after flowering can readily be analysed in 50 cm tubes of soil with Brachypodium, much more readily than with the large cereal crops wheat, maize, and rice. The root box method and 50 cm deep columns of soil in Figs 3 and 4 can be adapted as phenotyping screens for the use of deep water by mature roots of Brachypodium, by varying the water profile and only providing water at depth, for example. 
Brachypodium tools and diversity
Brachypodium has all the features of a modern model organism including inherent biological traits (e.g. rapid generation time, small stature, self-fertility, small genome size, and simple growth requirements), experimental methods (high efficiency transformation, mutagenesis, crossing, etc.), and resources [a high-quality genome sequence, T-DNA lines, recombinant inbred lines, a large germplasm collection, microarrays, expression data, TILLING (targeting-induced local lesions in genomes) populations, bioinformatic tools, databases, etc.]. Readers are directed to a recent review (Brkljacic et al., 2011) that contains an extensive table of resources, as well as several other recent reviews (Vogel and Bragg, 2009; Mur et al., 2011) for a more in-depth general description of Brachypodium as a model system. The genetic resources can now be used to understand the function and genetics of wheat root systems (see Fig. 6 and section below).
Sequence-indexed T-DNA collections are a powerful tool for identifying a gene underlying a root trait. DNA flanking the insertion sites in these lines is sequenced to identify the disrupted gene. T-DNA collections can be used for both forward and reverse genetics. The forward genetic approach consists of screening all lines to find mutations affecting the trait of interest. The advantages of this approach are that it makes no a priori assumptions about the types of genes involved, and the T-DNA greatly simplifies identification of the mutated gene. The reverse genetic approach consists of phenotyping only lines which contain insertions in genes hypothesized to affect the trait of interest based on knowledge from other organisms. This significantly decreases the labour required, important for root research where screening a lot of individuals can be time consuming. The downside is that novel genes will be missed. In the end, both approaches lead to the identification of Brachypodium genes affecting the trait of interest (Fig. 6) .
Natural variation in diverse Brachypodium accessions is a source of novel genes and phenotypes associated with root traits and function. The collection of Brachypodium accessions is growing rapidly and now consists of >1500 lines, including 56 accessions with resequenced genomes (Brkljacic et al., 2011) . A large number of lines primarily originating from Turkey have been characterized, and significant phenotypic and genetic variation noted (Filiz et al., 2009; . Significantly, wide diversity has been observed in root architecture and root growth rate in this collection (unpublished data).
Natural variation in these wild Brachypodium accessions may reveal valuable root traits and genes that have been lost during the genetic bottleneck associated with the domestication of the cereals. Root growth after flowering in Brachypodium but not in domesticated cereals is a likely example of this. Although some traits may have been selected against during domestication because they decrease grain yield under optimal conditions, some may help crops cope with dryer and less favourable conditions. For example, carbon allocated to root growth after flowering may allow plants to access water from deeper soil depths.
Brachypodium as a genetic model for wheat
Rice and wheat diverged 50-55 million years ago, while Brachypodium and wheat diverged 15 million years later (Bossolini et al., 2007; International Brachypodium Initiative, 2010) . This means that Brachypodium and wheat share a more recent common ancestor than rice and wheat, and offers two advantages to Brachypodium as a model system. First, markers (i.e. PCR primers) designed based on Brachypodium sequences are more likely to work on wheat than sequences designed from rice sequences (Griffiths et al., 2006) . Secondly, orthologous genes are more likely to play the same role in Brachypodium and wheat than in wheat and rice.
However, large chromosomal rearrangements have occurred since Brachypodium and wheat diverged (International Brachypodium Initiative, 2010 ; reproduced in Fig. 5 ). The chloroplastic genome sequence confirms that Brachypodium is a close relative of the Triticeae tribe (Bortiri et al., 2008) . However, this study also demonstrated that deletions that were previously thought to have occurred in the common ancestor of rice and wheat had not occurred in Brachypodium, showing that these deletions probably occurred identically and independently in wheat and rice. These results also emphasize the need to be cautious with phylogenetic reconstructions as a lot of rearrangements and disruptions seem to have occurred in this family. The lineage leading to wheat underwent numerous genome rearrangements after it diverged from the lineage leading to Brachypodium. From a structural genomic perspective it is most useful to use the Brachypodium sequence as a source of markers and to use a three-way comparison of gene order in wheat, Brachypodium, and rice to move toward an unknown gene in wheat.
A number of studies report on the macro-colinearlity, micro-colinearlity, and gene homology among Brachypodium, wheat, and rice. Griffiths et al. (2006) used markers from rice and Brachypodium in a macro-colinearity study of the locus Ph1, which controls the pairing of homologous chromosomes in wheat. While only 50% of the rice markers gave clear hybridizing patterns on wheat Southern blots, 100% of the Brachypodium markers did. The micro-colinearity at the Lr34 locus (Bossolini et al., 2007) and at the Q locus (Faris et al., 2008) between Brachypodium and wheat was found not to be perfect; however, it was better than that between rice and wheat. That shows that although Brachypodium is not the perfect 'bridge' from rice to wheat, it is still a better, more closely related model than rice for wheat. Similar observations were made in barley. More similarities in the order of disease resistance genes were found between Brachypodium and barley than between barley and rice (Drader and Kleinhofs, 2010) . At the level of gene sequence homology, Huo et al. (2009) showed that ;77% of Brachypodium genes have strong EST (expressed sequence tag) matches in wheat and, when matches were found in wheat and rice databases, Brachypodium had better scores, showing that the sequences were more similar. They also reported that markers developed for wheat from Brachypodium were more successful and gave better hybridization patterns than markers obtained from rice sequences. Similarly, Kumar et al. (2009) concluded, after analysing and comparing the sequence of 3818 Brachypodium ESTs and 3792 physically mapped wheat ESTs, that Brachypodium is a more suitable model for wheat than rice.
Thus, despite large differences in genome arrangement, several studies show that colinearity between wheat and Brachypodium is excellent and better than that between rice and wheat (Bossolini et al., 2007) or between rice and other temperate grasses and cereals (Hasterok et al., 2006) .
Moving from Brachypodium to wheat
Model organisms such as Brachypodium are used because it is faster and easier to identify the genes controlling specific traits through forward genetics, reverse genetics, and the study of natural diversity. However, these discoveries must be translated into crops such as wheat before they have practical value to society. Several approaches can be envisaged to translate Brachypodium discoveries into improved wheat varieties. The basic aim is to find the wheat gene associated with a trait of interest, say increased root growth, using Brachypodium as a genetic and phenotypic resource (Fig.  6) . It is important to keep in mind with the discussion below that the Brachypodium model is a diploid, while bread wheat is a hexaploid, durum wheat a tetrapoid, and wild wheats such as tauchii are diploid. Ploidy may increase the difficulty of gene information transfer from Brachypodium to wheat.
The first step consists of identifying the gene in Brachypodium. Different routes can be followed to achieve this. The most straightforward method is probably to screen T-DNA libraries (Fig. 6, route A) . This can lead directly to the identification of a single gene responsible for the phenotype of interest.
The screening of natural accessions (Fig. 6 , route B) and subsequent crossing of contrasting genotypes for the trait is a second way to identify quantitative trait loci (QTLs) and genes. If the genomes of the contrasting genotypes are sequenced, an Ecotilling approach can be applied to find genes that vary in the contrasting genotypes.
The third approach to find Brachypodium genes responsible for a trait is to find candidate genes in the literature or in silico that may be involved in the trait of interest (Fig. 6 , route C). In this case, although it is easy to find the gene, its validity must be demonstrated by overexpressing, silencing, and characterizing it in Brachypodium prior to trying to move forward towards the wheat system.
Once a gene has been identified in Brachypodium for a trait, the most relevant thing to do would be to look for the wheat orthologue of that Brachypodium gene in order to study and eventually alter its expression (Fig. 6, route D) . If the orthologous gene cannot be found, one can try to transform the Brachypodium gene directly into wheat (Fig. 6, route F) to test its value in the crop. These last two pathways lead to the generation of a genetically improved crop. Of course this approach is not suitable, desirable, or possible for all genes and traits as some may depend on a genetic background that allows phenotypic expression of the gene.
Non-transgenic approaches to create improved wheat varieties are based on the identification of natural variation in the orthologous region in wheat. In this scenario, the Brachypodium sequence is used to identify markers that cosegregate with the trait of interest (Fig. 6 , route E). Existing mapping populations (e.g. the MAGIC population; Cavanagh et al., 2008) can be helpful to associate these wheat markers with potentially interesting traits in wheat. Essentially, the Brachypodium markers are used to determine co-segregation with QTLs, a type of genetic candidate gene approach. Once a marker is found that co-segregates with the trait of interest, it can be used for marker-assisted selection techniques. The final approach discussed here is to sequence wheat orthologues of a Brachypodium gene that controls a trait of interest and then to examine appropriate wheat lines for variation in the trait, essentially an Ecotilling approach (Fig. 6, route G) . In this context, it is noteworthy that next-generation sequencing and multidimensional pooling strategies can be used to sequence wheat genes from thousands of individuals simultaneously. This approach would help reduce the cost of discovery by only phenotyping those individuals with polymorphisms. Once useful variation (alleles) is identified, markers can be designed for markerassisted selection in a breeding programme.
Conclusions
The tractable nature of the Brachypodium experimental system will greatly accelerate the discovery of the genes controlling root growth and development. This is particularly true for adult root traits where the size and complexity of crop root systems make the detailed phenotypic analysis of large numbers of individuals untenable. Although this review focuses mainly on root developmental variation, Brachypodium may also be a source of variation and genetic information for nutrient use efficiencies through exudates, remobilization, and transport mechanisms, and tolerances to soil toxicities such as salt and aluminium. It may be a new system for root pathogens, as has been shown for Fusarium crown rot (Peraldi et al., 2011) . The close evolutionary relationship between Brachypodium and wheat will facilitate the transfer of this knowledge by genes and gene markers into wheat varieties with improved yield and resource efficiencies. 
